
NASA TECHNICAL T R A N S L A T I O N  

m 
n 

I-- N 

i- I- 

T U ~ B U L E ~ T  B O ~ N D A R Y  LAYER I N  THE INITIAL SECTION 

NO N I SOTH ERP? I c I TY AND B LON I I! G 
* OF A TUBE. UNDER CO~J~ITIO~JS OF I 

L 

.r3: 

z 4 v, 
A, I I LEONT'YEV) A,V, FAFURIN) P,V, P ~ I K ~ T I N  

Trans la t ion  o f :  " T u r b u l  entnyy pogranichnyy 
s l o y  v nachal'nom uchastke truby v usloviyakh 

T e p l o f i z i k a  vysokikh temperatur, 
nei zotermi chnoSti ' i v d u v a "  

VOI.. 7, N O .  2 ,  1969, p p .  276-283 

N A T I O N A L  A E R O N A U T I C S  AND S P A C E  A D ~ r  N ~ ~ T ~ A T I ~ ~  
~ A S H I ~ G ~ O N ,  D.C. A U G U S T , 1 9 6 9  



T U R B U L E N T  B O U N D A R Y  L A Y E R  IN T H E  I N I T I A L  S E C T I O N  
OF A T U B E  U N D E R  C O N D I T I O N S  OF 

A . I .  L e o n t ' y e v ,  A . V .  F a f u r i n ,  P . V .  M i k i t i n  

ABSTRACT: T h i s  a r t i c  Ze p r e s e n t s  t h e o r e t i c a l  
and experimentaz  i n v e s t i g a t i o n s  o f  a t u r b d e n t  
boundary l a y e r  i n  t h e  i n i t i a Z  s e c t i o n  of a tube 
i n  t he  presence  o f  n o n i s o t h e r m i c i t y  and btow- 
i n g .  The resutts of exper iments ,  ob ta ined  in 
t h e  r a n  e of ReynoZds numbers f r o m  6.14-104 t o  
9.61*10Q and f Z o w  d e n s i t i e s  f rom 0 t o  0.296, 
show a s a t i s f a c t o y  correZa t ion  o f  t h e  p r o p o s e d  
method w i t h  t h e  exper imenta l  method, 

* N O N I S O T H E R M I C I T Y  A N D  B L O W I N G  
x 

There  h a s  r e c e n t l y  b e e n  incr;as,ed,  ' i n t e r e s t  i n  t h e  i n v e s t i g a t i o n / 2 7  - 
of t h e  i n f l u e n c e  o f  n o n i s o t h e r m i c i t y  a n d  b l o w i n g  on f r i c t i o n  and 
h e a t  exchange  i n  a t u r b u l e n t  boundary  l a y e r .  T h i s  i n t e r e s t  h a s  
b e e n  p r i m a r i l y  c a u s e d  b y  r e s e a r c h  i n t o  means o f  h e a t  s h i e l d i n g  o f  
s u r f a c e s  s t r e a m l i n e d  by a f l o w  o f  h o t  g a s e s .  I n  t h e  l i t e r a t u r e  
t h e r e  a r e  r e f e r e n c e s  d e v o t e d  t o  t h e  s t u d y  o f  t h i s  p rob lem as a p p l i e d  
t o  c o n d u i t s  o f  c i r c u l a r  c r o s s  s e c t i o n .  However,  t h e s e  r e f e r e n c e s  
d i s c u s s  t h e  i n f l u e n c e  o f  b l o w i n g  o n  a t u r b u l e n t  b o u n d a r y  l a y e r  which  
h a s  a l r e a d y  d e v e l o p e d .  

I n  t h i z  a r t i c l e  w e  w i l l  make t h e o r e t i c a l  a n d  e x p e r i m e n t a l  
i n v e s t i g a t i o n s  o f  t h e  i n f l u e n c e  o f  n o n i s o t h e r m i c i t y  and a l a t e r a l  
f l o w  o f  m a t t e r  on  f r i c t i o n ,  h e a t  exchange  and  a l s o  t h e  g a s  p a r a m e t e r s  
i n  t h e  n u c l e u s  o f  t h e  f low i n  t h e  i n i t i a l  s e c t i o n  o f  a cXlindriLcal.. ,  
t u b e .  We w i l l  d e r i v e  f o r m u l a s  f o r  c a l c u l a t i n g  t h e  c o e f f i c i e n t s  o f  
f r i c t i o n  and  h e a t  exchange  a l o n g  t h e  l e n g t h - o f  t h e  s t a b i l i z a t i o n  
s e c t i o n  t n  t h e  a r ea  o f  s u b s o n i c  f l o w  w i t h  a u n i f o r m  d i s t r i b u t i o n  
o f  g a s  p a r a m e t e r s  a t  t h e  e n t r a n c e  t o  t h e  t u b e .  

I n  t h i s  case t h e  s y s t e m  o f  i n i t i a l  e q u a t i o n s  h a s  t h e  form 131:, 

The i m p u l s e  e q u a t i o n :  

The c o n t i n u i t y  e q u a t i o n :  



0 

We w i l l  d e t e r m i n e  t h e  r e l a t i v e  c o e f f i c i e k t  o f  f r i c t i o a  I f r o m  
t h e  a s y m p t o t i c  f o r m u l a ,  o b t a i n e d  i n  r e f e r e n c e  C43: 

To s o l v e  s y s t e m  ( 1 ) - ( 4 )  w e  mus t  know t h e  r e l a t i o n s h i p  b e t w e e n  
t h e  s h a p e  f a c t o r  H a n d  t h e  n o n i s o t h e r m i c i t y  a n d  thee p e r m e a b i l i t y  
f a c t o r .  T h i s  r e l a t i o n s h i ? ,  c a n  be f o y n d  i f  w e  t a k e  a d v g n t a g e  o f  t h e  
i n t e g r a l  e q u a t i o n  for t h e  d i m e n s i o n l e s s  v e l o c i t y ,  wh ich  was o b t a i n e d  
i n  r e f e r e n c e  [ 4 1 :  

Taking  t h e  s i m i l a r i t y  o f  t h e  e n t h a l p y  and  v e l o c i t y  p r o f i l e s ,  
we h a v e  

S u b s t i t u t i n g  i n t o  h ( 5 )  and  i n t e g r a t i n g  f o r  $ 

o b t a i n  t h e  v e l o c i t y  p r o f i l e  i n  t h e  t u r b u l e n t  n u c l e u s  o f  t h e  b o u n d a r y  
l a y e r  as a , f u n c t i o n  o f  t h e  p e r m e a b i l i T y  p a r a m e t e r  

Here 

2 



F o l l o w i n g  r e f e r e n c e  C41, we p o s i t  t h a t  2 = l - wo i rhe re  w o  
i s  t h e  v e l o c i t y  p r o f i l e  i n  a t u r b u l e n t  b o u n d a r y  l a y e r  u n d e r  
i s o t h e r m i c  c o n d i t i o n s  i n  t h e  a b s e n c e  o f  b l o w i n g ,  i . e .  uO=Sn .  

We c a n  t h e n  o b t a i n  t h e  v e l o c i t y  d i s t r i b u t i o n  a c r o s s  t h e  
b o u n d a r y  l a y e r  w i t h  a g i v e n  p e r m e a b i l i t y  p a r a m e t e r ,  a n d , a c c o r d i n g  
t o  t h e  known v e l o c i t y  p r o f i l e  a n d  d e n s i t y  p r o f i l e ,  w e  can compute 
t h e  i n t e g r a l  c h a r a c t e r i s t i c s  d 6 g e ,  6$:$! and  H ,  i . e .  

'6' =* f" ( 1 - -o)( P 1 -.$) dy, 

6"= ~ . - - o ( l - - o ) (  P i - z ) d y ,  
~. 

0 Po 

(I Po 
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6" I I=  - . 6'" ' - ('' 

6%'"" 
I 
I 

F i g u r e  1 shows t h e  r e s u l t s  o f  
t h e  c a l c u l a t i o n  o f  t h e  s h a p e  
f a c t o r  H b y  t h e  p r o p o s e d  m e t h o d ,  
The f i g u r e  a l s o  shows t h e  e x p e r -  
i m e n t a l  d a t a  o f  r e f e r e n c e s  [ 5 , 6 ] ,  
o b t a i n e d  w i t h  n o n g r a d i e n t  stream- 
, l i n i n g  o f  a f l a t  p l a t e  by a n  
i s o t h e r m i c  f l o w  and  t h e  da t a  
o f  t h e  a u t h o r s  o b t a i n e d  w i t h  
a n  i s o t h e r m i c  f l o w  i n  a c i r c u -  

F i g ,  I: The i n f l u e n c e  o f  t h e  l a r  t u b e  w i t h  p e r m e a b l e  w a l l s  
P e r m e a b i l i t x  - F a c t o r  b on t h e  Shape  ( a  d e s c r i p t i o n  o f  t h e  e x p e r i -  
F a c t o r  H :  ment i s  g i v e n  b e l o w ) .  I t  c a n  
1, F o r  a Tube;  2 .  F o r  a P l a t e ;  b e  s e e n  t h a t :  t h e  r e s u l t s  o f  t h e  
3 .  [ S I ;  4 .  C61; 5 .  The Data o f  c a l c u l a t i o n s  show a s a t i s f a c t o r y  
t h e  A u t h o r s ;  t h e  S t r a i g h t  L i n e  c o r r e l a t i o n  t o  t h e  e x p e r i m e n t a l  
Shows . t h e  C a l c u l a t i o n  By E q u a t i o n  d a t a  and c a n  b e  a p p r o x i m a t e d  by 
(10) f o r  k = 0 . 0 5 .  t h e  s i n g l e  f u n c t i o n  

where  Hg i s  t h e  v a l u e  o f  t h e  s h a p e  f a c t o r  u n d e r  i s o t h e r m i c  c o n d i t i o n s  
a n d  d p / d X  = 09 k i s  a c o n s t a n t .  

Under  s t a n d a r d  c o n d i t i o n s  t h e  c o e f f i c i e n t  o f  f r i c t i o n  can b e  
e x p r e s s e d  by t h e  f u n c t i o n  [ 4 1  
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Then w e  o b t a i n  t h e  f o l l o w i n g  s y s t e m  o f  e q u a t i o n s  f o r  a gas  
f l o w  i n  t h e  i n i t i a l  s e c t i o n  o f  t h e  t u b e :  

X 

We w i l l  now examine  two p a r t i c u l a r  s o l u t i o n s  t o  t h i s  s'ysttem 
(a) b = c o n s t . ,  +h = c o n s t .  

I n  t h i s  case w e  a r e  a b & e  t o  o b t a i n  a n  a n a l y t i c  r e l a t i o n s h i p  
b e t w e e n  t h e  R e y n o l d s  number : the  v e l o c i t y  Wo 

a n d  t h e  l o n g i t u d i n a l  c o o r d i n a t e  

when b = 0 a n d  m = 0 . 2 5 ,  w e  o b t a i n  from ( 1 4 )  t h e  known result E41 
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We s h o u l d  n o t e  h e r e  t h a t  t h e  o b t a i n e d  r e l a t i o n s h i p s  a p e  v a l i d  
o n l y  f o r  t h e  i n i t i a l  s e c t i o n  o f  t h e  t u b e ,  w h i l e  t h e  b o u n d a r y  l a y e r  

!* 
+ h a s  n o t  y e t  c o l l a p s e d .  We w i l l  d e t e r m i n e  t h e  l e n g t h  of  t h e  i n i t i a l  

s e c t i o n  f rom t h e  c o n d i t i o n  t h a t  a t  t h e  e n d  o f  t h e  s t a b i l i z a t i o n  
s e c t i o n  t h e  t h i c k n e s s  o f  t h e  b o u n d a r y  l a y e r  i s  e q u a l  t o  t h e  r a d i u s  
o f  t h e  t u b e .  Then 

c 

R4i"" = R'/26"' IrO = Ri'I2WQIb"' ro. ' 
(16) 

. -  

S i m u l t a n e o u s l y  s o l v i n g  ( 1 3 )  a n d  (161, w e  o b t a i n  

.i r 

F i g u r e  2 shows t h e  r e s u l t s  o f - t h e  c a l c u l a t i o n  o f  t h e  r e 1 a t i G . e  c_ / 2 5  
v e l o c i t y  d i s t r i b u t i o n  u n d e r  i s o t h e r m i c  c o n d i t i o n s  a l o n g  t h e  l e n g t h  
of  t h e  i n i t i a l  s e c t i o n  a s  a f u n c t i o n  o f  t h e  p e r m e a b i l i t y  f a c t o r  
for v a r i o u s  v a l u e s  o f  b.  I t  i s  c l e a r  t h a t  b l o w i n g  h a s  a c o n s i d e r -  
a b l e  e f f e c t  on t h e  v a l u e ' o f  t h e  v e l o c i t y  i n  t h e  n u c l e u s  o f  t h e  f l o w .  
Here t h e  b r o k e n  l i n e  r e f e r s  t o  t h e  b o u n d a r y  o f  t h e  i n i t i a l  s e c t i o n ,  
as computed  by  ( 1 4 )  and  (17). 

F i g .  2 :  The R e l a t i v e  V e l o c i t y  
D i s t r i b u t i o n  Wo Along t h e  L e n g t h  
o f  t h e  I n i t i a l  SecYion  o f  t h e  
Tube f o r  b :  (1) 0 ; ( 2 )  1;(3) 
2 : ( 4 )  3:(5) 4 (The  Broken  L i n e  
R e f e r s  t o  t h e  Boundary o f  t h e  
I n i t i a l  S e c t i o n )  

F i g .  3 :  The Change i n  t h e  
R e y n o l d s  Number Along t h e  L e n g t h  
o f ,  t h e  Tube ( f o r  t h e  N o t a t i o n s ,  
See F i g .  2) .  
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F i g .  4 :  The R e l a t i v e  Blowing 
D i s t r i b u t i o n  Along t h e  Leng th  
o f  t h e  Tube ( f o r  t h e  N o t a t i o n s ,  
see  F i g .  2). 

F i g u r e s  3 and  4 show t h e  change  i n  t h e  Reyno lds  number and i n , t h e  
r e l a t i v e  b l o w i n g  f o r  t h e  same v a l u e s  o f  t h e  p e r m e a b i l i t y  f a c t o r .  

( b )  jl = ( p v ) v / ( p o l v o l )  = c.onst .  
I' ' 

I n  t h i s  case s y s t e m  ( 1 2 )  c a n  b e  r e d u c e d  t o  t h e  r e l a t i o n s h i p s  

XI Rim .= ( WO - 1 - 4HR"') 4jtRim; 
\ (19) 

where t h e  r e l a t i o n s h i p  be tween  t h e  number RgCf: and t h e  r e l a t i v e  
v e l o c i t y  WO c a n  b e  f o u n d  from t h e  n u m e r i c a l  s o l u t i o n  o f  e q u a t i o n  ( 1 8 )  

F i g u r e s  5 and 6 show t h e  r e s u l t s  o f  t h e  c a l c u l a t i o n  o f  t h e  
r e l a t i v e  v e l o c i t y  and  t h e  Reyno lds  number as  a f u n c t i o n  o f  t h e  
l o n g i t u d i n a l  c o o r d i n a t e  f o r  v a r i o u s  v a l u e s  o f  t h e  f l o w  d e n s i t y  

j,Ry*25. 
t h e  Runge-Kut ta  method and  t h e n  c h e c k e d  w i t h  jiRy*25 = 0 by a 
change  i n  t h e  i n t e g r a t i o n  s t e p .  The b r o k e n  l i n e  i n  t h e s e  f i g u r e s ,  
showing t h e  boundary  of t h e  i n i t i a l  s e c t i o n ,  w a s  computed by  
s i m u l t a n e o u s  s o l u t i o n  o f  e q u a t i o n s  (161, ( 1 8 ) .  

E q u a t i o n  ( 1 8 )  w a s  s o l v e d  n u m e r i c a l l y  on a compute r  by 
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Figur .e  7 shows t h e  change  i n  t h e  p e r m e a b i l i t y  f a c t o r  b a l o n g  
t h e 5 l e n g t h  o f  t h e  i n i t i a l  s e c t i o n  u n d e r  t h e  g i v e n  c o n d i t i o n s .  

F o r  a n  e x p e r i m e n t a l  i n v e s t i g a t i o n  o f  t h i s  p r o b l e m ,  w e  con-  / 2 8 0  
s t r u c t e d  a n  e x p e r i m e n t a l  a p p a r a t u s ,  a d i a g r a m  o f  which  i s  shown i n  
F i g u r e  8 .  

The e x p e r i m e n t a l  s e c t i o n  w a s  c o n s t r u c t e d  o f  a p o r o u s  . t i t a n i u m  
t u b e  w i t h  a n  i n t e r n a l  d i a m e t e r  o f  34 .5  m m .  The t h i c k n e s s  o f  The 
w a l l s  was 2 mm a n d  t h e  l e n ' g t h  w a s  346 m m . '  

P 

d 
f 

F i g .  5 :  D i s t r i b u t i o n  , o f - t h e  
R e l a t i v e  V e l o c i t y  Along t h e  
Leng th  of t h e  I n i t i a l  S e c t i o n  
o f  t h e  Tu%e f o r  j l R 1 D * 2 5 :  
(1) 0 ;  ( 2 )  6 . 0 2 ;  ( 3 )  0 . 0 5 ;  
( 4 )  0 . 1 0 ;  ( 5 )  O i l s ;  ( 6 )  0 . 2 3 ;  
(7,) 0 . 2 9 6  (The Broken L i n e  
R e f e r s  t o  t h e  Boundary o f  t h e  

f I n i t i a l  S e c t i o n ) .  

F i g ,  6 :  The Reyno lds  Number 
a s  a F u n c t i o n  o f  t h e  Leng th  
o f  t h e  Tube a n d  t h e  D e n s i t y  o f  
t h e  L a t e r a l  Flow o f  Matter  (For 
t h e  N o t a t i o n ,  See F i g .  5 ) .  

The d i a m e t e r  o f  t h e  powder  p a r t i c l e s  w a s  a b o u t ' O . 0 6 3  m m .  B e f o r e  - 
t h e  main e x p e r i m e n t s ,  w e  i n v e s t i g a t e d  t h e  h y d r a u l i c  c h a r a c t e r i s t i c s  
f o r  d e t e r m i n a t i o n  o f  t h e  f l o w  r a t e  of  t h e  r e f r i g e r a n t  as a f u n c t i o n  
of  t h e  p r e s s u r e  d r o p  on a s a m p l e .  I n  a d d i t i o n ,  w e  v e r i f i e d  t h e  
u n 5 f o r m i t y  of  t h e  p e r m e a b i l i t y  a l o n g  t h e  l e n g t h  o f  t h e  t u b e  i n  i t s  
f o u r  d i a m e t r i c a l l y  p l a c e d  g e n e r a t i n g  l i n e s  u s i n g  a t h e r m a l  anemometer .  
The d i a m e t e r  o f  t h e  f i l a m e n t  o f  t h e  t h e r m a l  anemomete r ' s  d e t e c t o r  
w a s  8 u .  The r e s u l t s  o f  t h e s e  m e a s u r e m e n t s ,  a v e r a g e d  a l o n g  four 
p o i n t s  o f  t h e  d i a m e t e r ,  a r e  shown i n  F i g u r e  9 .  
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F i g .  7:  The Change i n  t h e  Perme-  
a b i l i t y  F a c t o r  b Along t h e  Lerrgth 
o f  t h e  Tube f o r  V a r i o u s  Values  
o f  jtR1°*25 

A s  w e  can  s ee  from t h e s e  g r a p h s ,  t h e  mean f i l t r a t i o n  r a t e  a n d ,  
c o n s e q u e n t l y ,  t h e  p e r m e a b i l i t y  o f  t h e  t u b e  a l o n g  i t s  l e n g t h  can b e  
assumed t o  b e  q u i t e  u n i f o r m .  

The s u r f a c e  o f  t h e  tube .  w a s  p r a c t i c a l l y  smoo th ,  s i n c e  t h z  
r e l a t i v e  r o u g h n e s s ,  e q u a l  t o  t h e  r a t i o  o f  t h e  d i a m e t e r  o f  t h e  
p a r t i c l e s ,  o f  wh ich  t h e  t u b e  i s  composed, t o  tlje r a d i u s  o f  t h e  t u b e  
was l e s s  t h a n  3.6010-~. 

The t u b e  i n  t h e  c a s i n g  was r e i n f o r c e d  by an  i n t e r m e d i a t e  
e l e m e n t ,  f o i l .  A f i t t i n g  w a s  welded  o n r t h e  t o p  o f  t h e  frame t o  
measure t h e  p r e s s u r e  on  t h e  e n t r a n c e ’ o f  a i r  blown i n t o  t h e  porous’  
t u b e .  I n s i d e  t h e  frame c o l l e c t o r s  f o r  . t h e  blown a i r  were we lded  
i n  diametrically.positioned p l a n e s .  The e x p e r i m e n t a l  s e c t i o n  w a s  
a t t a c h e d  t o  t h e  f o r e c h a m b e r .  Due t o  t h e  g r e a t  c o n v e r g e n c e  o f  t h e  
l a t t e r  (lOO:l), t h e  v e l o c i t y  p r o f i l e  .at t h e  e n t r a n c e  t q  t h e  e x p e r i -  
m e n t a l  s e c t i o n  w a s  u n i f o r m .  

We measured  t h e  s t a t i c  a n d  t o t a l  p r e s s u r e  on  t h e  a x i s  o f  t h e  
t u b e  a l o n g  i t s  l e n g t h  by  a\ s p e c i a l l y  c o n s t r u c t e d  a d j u s t a b l e  t u b e ,  
whose c o n s t q u c t i o n  i s  shown i n  F i g u r e  8 .  

The d i a m e t e r  o f  t h e  t u b e  w a s  3 mm and  i t s  l e n g t h  w a s  4 0 0  m m .  
The a d j u s t a b i l i t y  o f  t h e  t u b e  a l o n g  t h e  a x i s  o f  t h e  o p e r a t i v e  
s e c t i o n  w a s  p r o v i d e d  by a c o o r d i n a t e  s p a c e r ,  E x p e r i m e n t s a w e r e  

measu red  t h e  t o t a l  and  s t a t i c  p r e s s u r e ,  t h e  f l o w  r a t e s  o f  t h e  main 
and  b l o w n ’ g a s  and  t h e  p r e s s u r e  i n  t h e  r e c e i v i n g  u n i t .  A s  a p r e s s u r e  
s e n s o r  w e  u s e d  a U-shaped p i e z o m e t e r  f i l l e d  w i t h  a l c o h o l .  The g a s  
f l o w  r a t e  w a s  measu red  by a s p e c i a l l y  c a l i b r a t e d  m e a s u r i n g  d i aphragm.  

0 . 3 5  manometer .  

/28 c a r r i e d  o u t  i n  a s t a t i o n a r y  s y s t e m .  Dur ing  . t h e  e x p e r i m e n t  w e  - 

P r e s s u r e  i n  t h e  r e c e i v i n g  u n i t  was measu red  by a s t a n d a r d  c l a s s  I 

The f l o w  d e n s i t y  o f  t h e  blown g a s  w a s  measu red  by two me thods :  
by i t s  f l o w  r a t e  a c r o s s  a measu red  d i s k  and  by  t h e  p r e s s u r e  d r o p  on  
a s a m p l e .  T h i s  w a s  done  -to c o n t r o l  p o s s i b l e  l e a k a g e s  o f  t h e  

. r e f r i g e r a n t  a t  t h e  p l a c e s  where  t h e  frame a n d  t h e  p o r o u s  t u b e  w e r e  
j o i n e d .  I n  a l l  t h e s e  e x p e r i m e n t s  t h e  c o m p a r i s o n  of t h e s e  two i n d e -  
p e n d e n t  measu remen t s  showed c o i n c i d i n g  r e s u l t s  ( t h e  maximum d e v i a t i o n  
be tween  them w a s  w i t h i n  t h e  a c c u r a c y  l i m i t s  o f  t h e  m e a s u r e m e n t s ) .  
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F i g .  8 :  Diagram o f  t h e  E x p e r i m e n t a l  A p p a r a t u s :  
(1) The F o r e c h a m b e r ;  ( 2 )  The E x p e r i m e n t a l  S e c t i o n ;  ( 3 )  'The Thermo- 
c o u p l e ;  ( 4 )  The Main Gas Flow R a t e  S u p p l y ;  ( 5 )  The F i l t e r ;  ( 6 )  The 
M e a s u r i n g  D i s k ;  ( 7 )  R e f r i g e r a n t  S u p p l y ;  ( 8 )  The M e a s u r i n g  D i s k  o f  
t h e  Main Flow Rate ;  ( 9 )  The C o o r d i n a t e  S p a c e r .  

F i g .  9 :  D i s t r i b u t i o n  o f  t h e  F i l t r a t i o n  R a t e  Averaged  Along t h e  
L e n g t h  o f  t h e  Tube .  

We computed  t h e  f u n c t i o n s  n ( h )  flrom t h e  m e a s u r e d  s t a t i c  a n d  
t o t a l  p r e s s u r e ,  and a c c o r d i n g  t o  t h e s e  f u n c t i o n s  w e  computed  q ( A ) .  
The v a l u e  o f  t h e  f l o w  r a t e  f u n c t i o n  and  t h e  R e y n o l d s  number a t  t h e  
e n t r a n c e  t o  t h e  e x p e r i m e n t a l  s e c t i o n  were computed  by t h e  f l o w  r a t e  
o f  t h e  main  f l o w .  

The v a r i a t i o n  r a n g e  o f  t h e  p a r a m e t e r s  i n  t h e  p r o c e s s  o f  t h e  
e x p e r i ' m e n t s  c o n s i s t e d  i n  t e r m s  o f  t h e  R e y n o l d s  number ,  f r o m  5 . .14*104 
t o  9 , 6 1 g 1 0 4  and i n  t e r m s  o f  t h e  f l o w  d e n s i t y  [G,lJ)w/pOIWOllR.l 0 - 2 5  f r o m  
0 t o  0 .296 .  F i g u r e  1 0  shows a c o m p a r i s o n  o f  t h e  r e s u l t s  o f  t h e  __I /28 
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measurement  o f  t h e  v e l o c i t y  on t h e  a x i s  of t h e  t u b e  w i t h  v a r i o u s  
t y p e s  osf b l o w i n g  a n d  t h e  c a l c u l a t i o n  a c c o r d i n g  t o  f o r m u l a s  ( l R )  and 

t h e  assumed method o f  c a l c u l a t i o n  and  t h e  e x p e r i m e n t .  
'; ( 1 9 ) .  We c a n  s e e  t h a t  t h e r e  i s  a s a t i s f a c t o r y  c o r r e l a t i o n  be tween  

# 

F i g .  1 0 :  The Change i n  t h e  
R e l a t i v e  V e l o c i t y  Along t h e  
Leng th  of  t h e  I n i t i a l  S e c g i o n :  
(1) jlR1°e25 = 0; ( 2 )  0 . 0 5 5 3 ;  
( 3 )  0 .174 ;  ( 4 )  0 . 0 2 9 ;  ( 5 )  
0 .296 ;  t h e  S o l i d  l i n e s  Show t h e  
C a l c u l a t i o n  A c c o r d i n g  t o  Equa- 
t i o n s  ( 1 8 ) - ( 2 0 ) ;  t h e  Broken 
L i n e s  Show t h e  C a l c u l a t i g n  Accor  
i n g  t o  (21) f o r  jlR1°*25 = 0.17q 
t h e  Do t s  dhow t h e  E x p e r i m e n t .  

d- 
s 

I n  t h e  same g r a p h  t h e  b r o k e n  l i n e ,  show? t h e  c a l c u l a t i o n  o f  t h e  change  
i n  v e l o c i t y  a c c o r d i n g  t o  t h e  c o n t i n u i t y  e q u a t i o n  f o r  a u n i f o r m  f l o w  
when 

T h i s  c a l c u l a t i o n  w a s  made f o r  jlR1°*25 = 0,174, 

F i g u r e - 1 1  shows t h e  d i s t r i b u t i o n  o f  t h e  s t a t i c  p r e s s u r e  a l o n g  
t h e  l e n  t h  o f  t h e  t u b e  f o r  t h e  same v a l u e s  o f  t h e  p a r a m e t e r  

by t h e  f o r m u l a  
jlR1°*2 E . The c a l c u l a t i o n  a c c o r d i n g  t o  t h e  p r o p o s e d  method w a s  made 

where  t h e  v a l u e s  o f  t h e  p a r a m e t e r  W, were t a k e n  from t h e  curve i n  
F i g u r e  1 0 .  T h i s  f i g u r e  shows t h e  r e s u l t s  o f  t h e  c a l c u l a t i o n  o f  t h a  
s t a t i c  p r e s s u r e  d i s t r i b u t i o n  by a u n i f o r m  p r o c e d u r e  w i t h o u t  t a k i n g  
f r i c t i o n  i n t o  a c c o u n t .  I n  t h i s  case t h e  fo rmula  h a s  t h e  form 

(POI - Po) I poiwoi = - 4. ( 2 3 )  

A s  w e  c a n  s e e  f rom t h e  f i g u r e ,  t h e  c a l c u l a t i o n  b y  u n i f o r m  p r o c e d u r e  
shows a n o t i c e a b l e  d i v e r g e n c e  from t h e  e x p e r i m e n t  
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??Fig. 11: T h e  S t a t i c  P r e s s u r e  
D i s t r i b u t i o n  Along t h e  Leng th  
o f  t h e  Tube: t h e  S o l i d  L i n e  
Shows t h e  C a l c u l a t j o n  A c c o r d i n g  
t o  E q u a t i p n  ( 2 2 )  f o r  31R1°*25 = 
0 . 1 7 4 ;  t h e  Broken L i n e  Shows t h e  
C a l c u l a t i o n  A c c o r d i n g  t o  (-23) ; 
t h e  Dots  Show t h e  E x p e r i m e n t .  

Measurement  o f  t h e  v e l o c i t y  p r o f i l e  w a s  m$de u s i n g  a P r a n d t l  
t u b e ,  p l a c e d  a t  a d i s t a n c e  qf 9 ; 5  u n i t s  f rom t h e  e n t r a n c e  t o  t h e  
e x p e r i m e n t a l  s e c t i o n .  The e n t r a n c e  a p e r t u r e  w a s  made i n  t h e  form 
of  a n  e l l i p s e  w i t h  semiaxes o f  0 .175  aqd  0 . 3 0  m m .  Ad jus tmen t  o f  t h e  
t u b e  w a s  made by a c o o r d i n a t e  spa%e.a?, .and i t s  p o s i t i o n  w a s  d e t e r m i n e d  
by a n  M M N - 1  c a t h e t o m e t e r .  C o n t a c t  be tween  t h e  t u b e  and t h e  w a l l  o f  
t h e  p o r o u s  t u b e  w a s  r e g i s t e r e d  by t h e  c o m p l e t i o n  o f  a s p e c i a l  e l e c -  
t r i c  c i r c u i t .  A s  a p r e s s u r e  s e n s o r  w e  u s e d  a n  MMN-1 micromanomete r ,  

Us ing  t h e  known l a w  o f  t h e  change  ‘ i n  v e l o c i t y  a c r o s s  t h e .  
boundary  l a y e r ,  w e  i n t e g r a t e d  g r a p h i c a l l y  t h e  r e l a t i o n s h i p s  f o r  t h e  
t h i c k n e s s  of  t h e  i m p u l s e  l o s s  and  t h e  d i s p l a c e m e n t  t h i c k n e s s .  

r 
/ 

\ 

Based on what  w e  have  d i s c u s s e d ,  w e  c a n  p r o p o s e  t h e  f o l l o w i n g  
s e q u e n c e  f o ?  c a l c u l a t i n g  a t u r b u l e n t  b o u n d a r y  l a y e r  i n  t h e  i n i t i a l  
s e c t i o n  o f  t h e  t u b e .  

( a )  b = c o n s t ,  $ h  = c o n s t ;  

( 1 )  With t h e  g i v e n  v a l u e s  o f  b and II, w e  s h o u l d  d e t e r m i n e  t h e  
p a r a m e t e r s  Y ,  H, S f e % t / r o  by f o r m u l a s  ( 4 1 ,  ( 8 )  a n d  (10). 

( 2 )  We s h o u l d  d e t e r m i n e  t h e  l e n g t h  o f  t h e  s t a b i l i z a t i o n  s e c t i o n  
X f rom e q u a t i o n s  (14) and ( 1 7 ) .  H 

/2 ( 3 )  We s h o u l d  c a l c u l a t e  t h e  f u n c t i o n  W = f(X) from e q u a t i o n  - 0 
( 1 4 ) .  

, ( 4 )  We s h o u l d  compute t h e  v a l u e  of @*f f r o m  e q u a t i o n  (13) and  
t h e n  compute t h e  v a l u e  of t h e  c o e f f i c i e n t  o f  f r i c t i o n ’ f r o m  e q u a t i o n s  
(11) and  ( 4 ) .  

( 5 )  We s h o u l d  compute t h e  r e q u i r e d  f l o w  r a t e  o f  blown gas f rom 
e q u a t i o n  ( 3 ) .  



( b )  j l R 7  =' c o n s t .  

(1) We s h o u l d  d e t e r m i n e  Rfe$ a n d  b f rom (18) a n d  ( 2 0 )  w i t h  

0" 
We s h o u l d  f i n d  t h e  d i s t r i b u t i o n  o f  W o  a l o n g  The l e n g t h  of  

t h e  a s s i g n e d  v a l u e s  o f  t h e  p a r a m e t e r  j , R T ,  a s s i g n i n g  a v a l u e  t o  W 

( 2 )  
t h e  i n i t i a l  s e c t ' i o n .  & 

( 3 )  We s h o u l d  f i n d  t h e  l e n g t h  o f  t h e  i n i t i a l  s e c t i o n  f rom 
F i g u r e  6 .  

( 4 )  We s h o u l d  d e t e r m i n e  t h e  c o e f f i c i e n t  o f  f r i c t i o n  a c c o r d i n g  
t o  t h e  known v a l u e  o f  Rz?: f rom e q u a t i o n s  (11) and  (4). 

There  would  b e  no g r e a t  d i f f i c u l t i e s  i n  e x t e n d i n g  t h i s  method 
o f  c a l c u l a t i o n  t o  i n c l u d e  t h e  case o f  a n o n i s o s h e r m i c  g a s  f l o w  i n  
t h e  i n i t i a l  s e c t i o n  o f  a p o r o u s  t u b e .  I n  t h i s  c a s e  w e  mus t  t a k e  
i n t o  a c c o u n t  t h e  i n f l u e n c e  df n o n i s o t h e r m i c i t y  on t h e  f r i c t i o n  law 
( 4 )  a n d  t h e  s h a p e  f a c t o r  H (10). 

N o t a t i o n s  

B i s  a c o n s t a n t ;  b i s  t h e  p e r m e a b i l i t y  f a c t o r ;  c i s  t h e  l o c a l  
c o e f f i c i e n t  o f  f r i c t i o n ;  rD i s  t h e  d i a m e t e r  o f  t h l  t u b e ;  H i s  t h e  
s h a p e  f a c t o r ;  h i s  t h e  e n t h a l p y ;  j is' t h e  f l o w  d e n s i t y ;  R i s  $he 
R e y n o l d s  number ;  w i s  t h e  v e l o c i t y ;  W i s  t h e  r e l a t i v e  v e l o c i t y ;  
6qt i s  t h e  d i s p l a c e m e n t  t h i c k n e s s ;  6hf: i s  t h e  ' t h i c k n e s s  o f  t h e  i m p u l s e  
1oss;;u i s  t h e  c o e f f i c i e n k  o f  dynamic  v i s c o s i t y ;  p i s  t h e  d e n s i t y ;  
x i s  t h e  l e n g t h  o f  t h e  t u b e ;  T i s  t h e  t a n g e n t i a l  s t ress ;  Y i s  t h e  
r e l a t i v e  c o e f f i c i e n t  o f  f r a c t i o n ;  J, i s  t h e  e n t h a l p y  f a c t o r ;  5 i s  t h e  
r e l a t i v e  c o o r d i n a t e .  

I n d i c e s :  0 shows t h e  p a r a m e t e r s  on t h e  o u t e r  b o u n d a r y  o f  t h e .  
b o u n d a r y  l a y e r ;  1 r e f e r s  t o  t h e  p a r a m e t e r s  a t  t h e  e n t r a n c e  t o  t h e  
t u b e ;  W r e f e r s  t o  t h e  p a r a m e t e r s  o n  t h e  w a l l ;  CP means c r i t i c a l ;  
n r e f e r s  ' t o  p a r a m e t e r s  on t h e  b o u n d a r y  o f  t h e  i n i t i a l  s e c t i o n ;  x 
r e fe r s  t o  t h e  p a r a m e t e r s  o f  t h e  blown g a s ;  h means t h e r m a l ;  av means 
a v e r a g e .  
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